lease from mitochondria despite intact Bax translocation, increased expression of the antiapoptotic protein, BCL-xL, and increased number of neurons. Taken together, the data suggest that PCD is impaired due to increased BCL-xL expression and is associated with excess neurons in the developing brain of FMRP-deficient mice. It is possible that deficient PCD prevents neuron elimination and results in abnormal retention of developmentally transient neurons. Thus, defective PCD may contribute to the excess synaptic connections known to exist in Fmr1 mutants and could play a role in the behavioral phenotype of children with FXS.
synapse maturation, failure of synapse elimination, excess and aberrant synaptic connections, and impaired dendrite maturation and pruning [4] .
Several regions of the autistic brain have been shown to be relatively large, containing significantly more neurons and higher neuronal density compared to the brain of unaffected children [5] [6] [7] . Loss of FMRP expression results in synaptic overgrowth and excess number of neurons in the developing Drosophila brain [8, 9] . Since cortical postmitotic neurons are not generated postnatally, pathologically increased numbers must be due to increased cell proliferation, impaired programmed cell death (PCD), or both [7] . PCD is a widespread phenomenon that occurs within the central nervous system coincident with proliferation, migration, and differentiation and is a natural process that is necessary for normal brain development and patterning [10] . The postnatal wave of PCD is critical for synaptogenesis and elimination of aberrant neuronal connections [10] .
Defective apoptosis has been demonstrated in the developing Drosophila brain in dFmr1 null mutants leading to abnormal retention of developmentally transient neurons [8] . However, developmental PCD has never been assessed in the established murine models of FXS. Furthermore, the role of FMRP in developmental PCD is unknown and the specific defect(s) in mitochondrial pathway of apoptosis caused by FMRP deficiency have never been elucidated. Here we demonstrate that PCD is impaired in the developing postnatal brain of FMRP-deficient mice. Importantly, we identify distinct defects and aberrancies in the intrinsic apoptosis pathway of two different Fmr1 mutant strains. The results suggest that impaired PCD during development could play a role in FXS with regard to deficient neuron elimination leading to excess and aberrant synapse connections.
Materials and Methods

Animals
The care of the animals in this study was in accordance with NIH and Institutional Animal Care and Use Committee guidelines. Study approval was granted by the Children's National Medical Center IACUC. All experimental studies were performed on 10-day-old male Fmr1 -/y and Fmr1 I304N mouse pups with appropriate controls. Postnatal day 10 (P10) was chosen because synaptogenesis peaks at day 7 in rodents and is completed by the 2nd or 3rd week of life [11, 12] . Thus, P10 probably equates to a timepoint in postnatal human infancy [13] [14] [15] . For Fmr1 null mice (FVB.129P2-Pde6b + Tyr c-ch Fmr1 tm1Cgr /J), 6-to 8-weekold paired hemizygous male (Fmr1 -/y ) and homozygous female (Fmr1 -/-) mice were acquired (Jackson Laboratory, Bar Harbor, Me., USA) and bred to yield fully affected newborn male pups. Appropriate control (FVB.129P2-Pde6b + Tyr c-ch /AntJ) hemizygous male and homozygous female breeding pairs for the Fmr1 knockout strain were also acquired and bred (Jackson Laboratory). For the Fmr1 I304N strain (B6.129-Fmr1 tm1Rbd /J), 6-to 8-weekold paired hemizygous male (Fmr1 -/y ) and heterozygous female (Fmr1 -/+ ) breeders were acquired and bred (Jackson Laboratory). Genotyping on tail clippings offspring using standard PCR was performed to identify hemizygous males. Appropriate wild-type C57Bl/6J paired breeders were also acquired (Jackson Laboratory) to control for the Fmr1 I304N strain.
Activated Caspase-3 Immunohistochemistry
At the time of euthanasia, following pentobarbital injection (150 mg/kg, i.p.), the brain was perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) via left ventricle injection for 30 min and then postfixed in additional fixative solution for 24 h at 4 ° C. Serial frozen sections were cut at a thickness of 6 μm in the coronal plane through the cerebral hemispheres beginning at -1.7 mm from bregma, 2.1 mm from interaural and individual sections were slide-mounted. Immunohistochemistry was performed on three to four nonserial nonadjacent sections using polyclonal antirabbit activated caspase-3 (Cell Signaling Technology, Beverly, Mass., USA, 9661), biotinylated secondary antibody (goat anti-rabbit, Cell Signaling Technology), and developed with diaminobenzidine. The number of activated caspase-3-positive cells per square millimeter was quantified at ×10 magnification in neocortex, hippocampus, caudate/putamen, and basolateral amygdala of both hemispheres in 3-4 nonserial sections in 3-4 animals per group.
Terminal Deoxynucleotidyl Transferase-Mediated UTP Nick End-Labeling Staining
At the time of euthanasia, the brain was perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) via left ventricle injection for 30 min and then postfixed in additional fixative solution for 24 h at 4 ° C. Paraffin-embedded brain sections were cut into 6-μm sections in the coronal plane through the cerebral hemispheres beginning at -1.7 mm from bregma, 2.1 mm from interaural, slide-mounted, and stained for terminal deoxynucleotidyl transferase-mediated UTP nick end-labeling (TUNEL). Sections were incubated in 0.5% Triton at room temperature, followed by proteinase K at 37 ° C, then immersed in terminal deoxynucleotidyl transferase buffer (30 m M Tris-HCl buffer, pH 7.2, 140 m M sodium cacodylate, and 1 m M cobalt chloride) at room temperature. This was followed by incubation with terminal deoxynucleotidyl transferase and biotin-16-dUTP for 60 min at 37 ° C. The reaction was terminated with TB buffer (300 m M sodium chloride with 30 m M sodium citrate) at room temperature, followed by immersion in 3% hydrogen peroxide and 2% fetal bovine serum at room temperature. The sections were then covered with an Avidin Biotin Complex (1: 200 dilution) for 30 min at room temperature, incubated with FITC-Avidin D for detection and counterstained with DAPI. The numbers of TUNEL-positive nuclei in neocortex, hippocampus, caudate/putamen, and basolateral amygdala were quantified in 3-4 nonserial sections per mouse and 3-4 mice per cohort were evaluated.
Quantification of Number of Neurons
At the time of euthanasia, following pentobarbital injection (150 mg/kg, i.p.), the brain was perfused with 4% paraformalde-hyde in 0.1 M phosphate buffer (pH 7.4) via left ventricle injection for 30 min and then postfixed in additional fixative solution for 24 h at 4 ° C. Brains were stored in 30% sucrose for 24 h at 4 ° C and sectioned coronally (45 μm) on a freezing microtome. Sections were rinsed in phosphate-buffered saline, slide-mounted and stained with cresyl violet for 30 min [16] . Cresyl violet-positive neurons with a clear nucleus and nucleoli in the primary somatosensory cortex and in the pyramidal layer of the CA3 region of the hippocampus were counted by two blinded observers using an image analyzing system equipped with a computer-based CCD camera (Nikon Eclipse e800). Starting from the first section (interaural 2.10 mm, bregma -1.70 mm, 4.7 mm from the most rostral section), counts were taken from 5 coronal sections at 0.135-mm increments in 100,000 μm 2 fields in both hemispheres per mouse [17] . Brain regions were defined in accordance with the Mouse Brain Atlas [18, 19] . Three mice per cohort were evaluated.
Cytochrome c Peroxidase Activity
Cytochrome c was extracted from fresh mitochondria as previously described [20] . Isolated forebrain mitochondria (20 mg/ml) were suspended in a hypotonic 0. ) following the addition of hydrogen peroxide [21] . Five animals per cohort were evaluated.
Heme c Determination
Forebrain mitochondria and cytosol were isolated by differential centrifugation [22] . As previously described, forebrain was harvested and homogenized in ice-cold H medium (70 m M sucrose, 220 m M mannitol, 2.5 m M Hepes, pH 7.4 and 2 m M EDTA) [22] . The homogenate was spun at 1,500 g for 10 min at 4 ° C. Supernatant was removed and centrifuged at 10,000 g for 10 min at 4 ° C. Cytosolic supernatant was collected and pellet was resuspended in H medium and centrifuged again at 10,000 g for 10 min at 4 ° C. Pellet was again resuspended in H medium and mitochondrial and cytosolic protein concentrations subsequently determined using the method of Lowry [22] .
Mitochondrial and cytosolic heme c content were calculated from the difference in spectra (dithionate/ascorbate reduced minus air-oxidized) of mitochondria or cytosolic protein (0.5-1 mg) solubilized in 10% lauryl maltoside using an absorption coefficient of 20.5 mM -1 cm -1 at 550-535 nm [23, 24] . Five animals per cohort were evaluated.
Immunoblot Analysis
Ten-microgram samples of homogenized forebrain mitochondrial or cytosolic protein were subjected to SDS-acrylamide gel electrophoresis and immunoblotting. Blots were labeled with a primary rabbit monoclonal antibody to procaspase-9 (GeneTex Inc., Irvine, Calif., USA) or Bax (Santa Cruz Biotechnology Inc., Santa Cruz, Calif., USA), mouse monoclonal antibody to APAF-1 (Santa Cruz Biotechnology Inc.), rabbit polyclonal antibody to BCL-xL or BCL-2 (GeneTex Inc.), or rabbit monoclonal antibody to Akt, p-Akt (Thr308), p-Akt (Ser473), Bad, or p-Bad (Ser112) (Cell Signaling Technology). Blots were secondarily exposed to the appropriate secondary antibody: either donkey anti-rabbit IgG or rabbit anti-mouse IgG (Santa Cruz Biotechnology Inc.). Mitochondrial protein loading was assessed with a primary monoclonal antibody to mouse VDAC (Molecular Probes, Eugene, Oreg., USA) and secondarily exposed to rabbit anti-mouse IgG (Santa Cruz Biotechnology Inc.). Cytosolic protein loading was assessed with a primary monoclonal antibody to mouse actin (Thermo Fisher Scientific Inc., Rockford, Ill., USA) and secondarily exposed to rabbit anti-mouse IgG (Santa Cruz Biotechnology Inc.). For pAkt and p-Bad, samples were processed with phosphatase inhibitors (Sigma, St. Louis, Mo., USA). Signal was detected with enhanced chemiluminescence (Amersham Pharmacia Biotech, Piscataway, N.J., USA), and density was measured using scanning densitometry. Five animals per cohort were evaluated.
Statistics
Data are presented as mean ± standard deviation (SD). Statistical significance was assessed using ANOVA and post hoc Tukey's test with p < 0.05.
Results
PCD Is Impaired in the Developing Brain of Fmr1 Mutants
Cell death ascends from subcortical to upper cortical regions during rodent development with the majority of apoptosis occurring in the somatosensory cortex, medial cortical regions, the cortical subplate, and hippocampus in the first 10 days of life [25] [26] [27] . Thus, we assessed PCD by measuring levels of activated caspase-3 with immunohistochemistry and TUNEL staining on slide-mounted brain sections from P10 male pups. We focused on cerebral cortex, hippocampus, and amygdala because synapse development in these regions has been previously shown to be pathologic in Fmr1 knockout mice [28] .
Consistent with the natural process of developmental PCD, the majority of activated caspase-3-positive cells and TUNEL-positive nuclei localized to layers II, IV, and V of the neocortex and CA1, CA3, and the dentate gyrus of the hippocampus ( fig. 1 , 2 ) . Activated caspase-3-positive cells and the number of TUNEL-positive nuclei were significantly decreased in number in neocortex, hippocampus, and basolateral amygdala of both Fmr1 mutant strains compared to their respective controls ( fig. 1 , 2 ) . Fmr1 knockouts demonstrated a 20-25% decrease in the number of activated caspase-3 cells and TUNEL-positive nuclei in neocortex and hippocampus compared to FVB controls and a 60% decline in basolateral amygdala ( fig. 1 ,  2 ) . Similar decreases were seen in identical brain regions of ( fig. 1 , 2 ) . However, there was no measurable difference in the number of activated caspase-3-positive cells or TU-NEL-positive nuclei in the caudate and putamen region of either mutant strain versus control mice ( fig. 1 , 2 ) .
Impaired Developmental PCD Is Associated with Excess Neurons in the Developing Brain of Fmr1
Mutants PCD is a natural process that is necessary for normal brain development and patterning [29] . Cell death eliminates the entire neuron and leads to loss of all neurites associated with the dying cell [29] . Impaired neuronal apoptosis results in persistence of the progenitor pool resulting in excess number of neurons [29] . Thus, we quantified the number of neurons in the primary somatosensory cortex and in the pyramidal layer of the CA3 region of the hippocampus using cresyl violet staining of slidemounted brain sections from P10 male pups. Consistent with impaired PCD, both Fmr1 mutant strains demonstrated significantly increased number of neurons in the neocortex and hippocampus compared to their respective controls indicating a defect in neuron elimination ( fig. 3 ) .
Release of Proapoptotic Mediators from Mitochondria Is Impaired in the Developing Brain of Fmr1 Mutants
The postnatal wave of PCD is mediated by the mitochondrial pathway of apoptosis [12] . Cytochrome c, bound to cardiolipin on the inner mitochondrial membrane via both electrostatic and hydrophobic interactions, has peroxidase activity and, in the presence of hydrogen peroxide, oxidizes cardiolipin to hydroperoxicardiolipin [22] . This important upstream event mobilizes cytochrome c from the inner membrane and facilitates its release. Following translocation from cytosol to mitochondria, Bax then permeabilizes the outer mitochondrial membrane, permitting release of both cytochrome c and procaspase-9 from mitochondria to cytosol [30, 31] . Procaspase-9 undergoes autoactivation, and along with APAF-1 and cytochrome c forms the apoptosome which, in turn, activates the effector caspase of the intrinsic pathway, caspase-3 [31] .
We isolated forebrain mitochondria from 10-day-old mice, extracted cytochrome c, and measured cytochrome c peroxidase activity with spectrophotometry. To assess for cytochrome c release in the developing brain, we measured the amount of heme c (the heme moiety of cytochrome c) in forebrain mitochondrial and cytosolic fractions and performed immunoblot analyses for the various proapoptotic mediators.
Compared with their respective controls, Fmr1 nulls demonstrated a significant and marked increase in cytochrome c peroxidase activity while Fmr1 I304N mutants exhibited significantly decreased peroxidase activity ( fig. 4 a) . While there was no difference in the relative amount of heme c in mitochondria or cytosol of Fmr1 knockout forebrain, steady-state levels of procaspase-9 were significantly increased in mitochondria and significantly decreased in cytosol versus controls ( fig. 4 b, c) . The procaspase-9 findings coupled with increased cytochrome c peroxidase activity and a lack of increased cytosolic heme c indicate impaired release of both procaspase-9 and cytochrome c in the forebrain of Fmr1 knockouts.
On the other hand, levels of heme c were significantly higher in mitochondria and significantly lower in cytosol in Fmr1  I304N brain compared to forebrain of C57Bl6J controls, also indicating decreased cytochrome c release ( fig. 4 b) . Steady-state cytosolic levels of procaspase-9 were significantly decreased in Fmr1 I304N mice versus controls and, although not statistically significant, there was a trend toward decreased procaspase-9 in mitochondria of Fmr1  I304N mutants ( fig. 4 c) . Steady-state levels of cytosolic APAF-1 were significantly increased in Fmr1 null mice compared to FVB controls while there was no difference in APAF-1 between Fmr1  I304N and C57Bl6J controls ( fig. 4 e) .
Bax Translocation Is Intact in the Developing Forebrain of Fmr1 Mutants
In Fmr1  I304N mutants, steady-state Bax levels were significantly decreased in cytosol compared to C57Bl6J controls and significantly increased in the mitochondrial fraction indicating increased translocation ( fig. 4 d) . Similarly, steady-state cytosolic Bax levels were significantly decreased in the forebrain of Fmr1 knockouts compared to controls with a trend toward an increase in mitochondria ( fig. 4 d) . The presence of Bax within the mitochondrial fraction at or above wild-type levels in the context of reduced cytosolic levels suggests that Bax translocation is intact in the forebrain of Fmr1 null mice.
Antiapoptotic Protein Expression Is Increased in the Developing Brain of Both Fmr1 Mutants
The antiapoptotic members of the BCL-2 family of proteins, BCL-2 and BCL-xL, can inhibit permeabilization of the mitochondrial outer membrane by binding to and interacting with the proapoptotic effectors, Bax and Bak [32, 33] . Thus, we isolated forebrain mitochondria and performed immunoblot analysis for both BCL-2 and BCL-xL.
Steady-state levels of forebrain BCL-2 were significantly increased in Fmr1 I304N mutants compared to C57Bl6J controls ( fig. 4 f) . However, there was no difference in steady-state levels of BCL-2 between Fmr1 knockout mice and FVB controls ( fig. 4 f) . On the other hand, steady-state levels of BCL-xL were significantly increased in both Fmr1 mutant strains compared to their respective controls ( fig. 4 f) . These findings suggest increased expression of antiapoptotic proteins in Fmr1 mutant forebrain.
Phosphorylation of Both Akt and Bad Is Increased in the Developing Forebrain of Fmr1 Mutants
Akt/PKB, a serine/threonine kinase, is the most widely known kinase to promote cell survival [34] . Phosphorylation of Akt/PKB activates the kinase and results in phosphorylation and inactivation of the proapoptotic mediator, Bad [34, 35] . Nonphosphorylated Bad inactivates BCL-xL while phosphorylation inactivates Bad and preserves BCL-xL levels [34] . Thus, we isolated forebrain cytosol and performed immunoblot analysis for Akt, phosphorylated Akt, Bad and phosphorylated Bad.
Phosphorylation of Akt at threonine 308 was significantly increased in the forebrain of Fmr1 I304N mutants compared to C57Bl6J controls ( fig. 5 a) . However, there was no difference in the degree of Akt phosphorylation at threonine 308 between Fmr1 knockout mice and FVB controls ( fig. 5 a) . On the other hand, both Fmr1 mutant strains demonstrated significantly increased phosphorylation of Akt at serine 473 as well as phosphorylation of Bad at serine 112 compared to controls ( fig. 5 a) . These findings indicate pro-survival activation of the Akt pathway in Fmr1 mutant forebrain. 
Discussion
Our findings indicate that PCD is impaired in the developing postnatal brain of FMRP-deficient mice. Importantly, defects were identified in neocortex, hippocampus, and basolateral amygdala of both Fmr1 mutant strains and the magnitude of impairment appeared to be similar in each mutant strain compared to healthy control PCD levels. Interestingly, reduced levels of apoptosis were identified in the specific brain regions that are known to demonstrate pathologic synapse development in Fmr1 knockouts, sparing the caudate and putamen.
Fmr1 null mice, produced by a targeted knockout of the Fmr1 gene, and Fmr1 I304N mutants, generated by an I304N missense mutation, have been developed as models of FXS [36, 37] . Like the human condition, Fmr1 knockouts demonstrate increased synapse number and both mutant strains have been shown to display abnormal social behaviors [36, 37] . Fmr1 -/y mice do not express any FMRP while Fmr1 I304N mice express between 13 and 30% of wild-type FMRP levels [37] . However, the mutant FMRP synthesized by Fmr1 I304N mice lacks association with polyribosomes and is not capable of RNA binding [37] . Thus, both mutant strains share a defect in FMRPdependent regulation of mRNAs via RNA binding.
In order to conclude that FMRP is important for developmental PCD, similar abnormalities in the mitochondrial apoptosis pathway must be evident in both Fmr1 mutant strains. As such, identical aberrancies in both strains were identified: increased steady-state levels of the antiapoptotic protein, BCL-xL and increased phosphorylation of Akt ser473 and Bad ser112. BCL-xL is known to inhibit permeabilization of the mitochondrial outer membrane by binding to and interacting with Bax and Bak and overexpression of BCL-xL has been shown to prevent cytochrome c release and activation of caspase-3 in the setting of proapoptotic stimuli [32, 33, 38] . Thus, it is possible that FMRP deficiency results in increased expression of BCL-xL in the developing brain, preventing the release of proapoptotic mediators from mitochondria and subsequent caspase activation. Since PCD is a natural process that is necessary for normal brain development and patterning, defects in developmental apoptosis could result in abnormal neuron elimination and retention of developmentally transient neurons. Consistent with this, we found that the number of neurons in the somatosensory neocortex and hippocampus was significantly increased in both Fmr1 mutant strains compared to their respective controls.
Increased expression of BCL-xL in FMRP deficiency is likely related to the dysregulation of the mammalian target of rapamycin (mTOR) pathway [35] . The mTOR pathway is initiated following activation of group 1 metabotropic glutamate receptors [35, 39] . Receptor activation promotes formation of a complex between metabotropic glutamate receptors, the signaling molecule, Homer, and the phosphatidylinositol-3-kinase (PI3K) enhancer, PIKE [35, 39] . PIKE stimulates PI3K which, in turn, phosphorylates and activates Akt/PKB, resulting in stimulation of mTOR signaling [34, 35, 39] . Wild-type FMRP represses PIKE and, as such, negatively regulates the mTOR pathway [35] . In Fmr1 knockout mice, FMRP deficiency has been shown to increase PI3K/ Akt activity and mTOR signaling [35] . Our finding of increased Akt phosphorylation in both mutant strains supports this concept. Importantly, activated Akt/PKB also promotes cell survival by phosphorylating Bad, thereby inactivating it [34, 35] . Here we demonstrate that Akt phosphorylation is associated with increased Bad phosphorylation in the forebrain of both Fmr1 mutants. Because Bad inactivation is known to result in preservation of the antiapoptotic mediator, BCL-xL [34] , it is quite possible that overactivation of PI3K/Akt signaling in FMRP deficiency provides an explanation for increased BCL-xL expression in the Fmr1 mutant brain.
Fmr1 I304N mutant mice demonstrated a propensity toward antiapoptosis in the developing brain as evidenced by decreased cytochrome c peroxidase activity, impaired cytochrome c release, increased BCL-xL and BCL-2 expression, decreased activated caspase-3, and decreased number of TUNEL-positive nuclei despite increased mitochondrial translocation of Bax. Although activated caspase-3 and the number of TUNEL-positive nuclei were also decreased in Fmr1 knockout brain, there were components of the mitochondrial apoptosis pathway that were activated and divergent from abnormalities seen in Fmr1 I304N mutant mice. For example, cytochrome c peroxidase activity and steady-state APAF-1 expression were both significantly increased. These changes likely result from the proapoptotic stimulus of oxidative stress known to exist in the developing brain of Fmr1 null mice [40] . However, an antiapoptotic state prevails due to increased BCL-xL expression and inhibition of mitochondrial outer membrane permeabilization. Evidence of such inhibition is found in the lack of enhanced cytochrome c and procaspase-9 release from mitochondria despite increased cytochrome c peroxidase activity and intact Bax translocation. Thus, although there were differences seen in various components of the intrinsic apoptosis pathway between mutant strains, the common shared features were increased steady-state BCL-xL levels with decreased PCD and increased neuron numbers as an end result.
Taken together, the data suggest that increased BCLxL expression due to FMRP deficiency inhibits PCD in the developing brain. Deficient PCD, in turn, likely prevents adequate neuron elimination and may lead to excess number of neurons. It is possible that abnormal retention of developmentally transient neurons contributes to excess and aberrant synaptic connections known to exist in Fmr1 mutants. Thus, defective PCD and impaired neuron elimination during development may contribute to the behavioral phenotype of children with FXS. Although assessing developmentally regulated PCD at a single postnatal time point and restricting our evaluation to the forebrain represent limitations of this descriptive study, our findings lay the ground for assessing how impairments in PCD change over time in the Fmr1 mutant developing brain and exploring potential targets for novel therapeutic interventions designed to restore the process of neuron elimination. Future work will, therefore, focus on targeting the PI3K/Akt survival pathway and defective PCD in an effort to eliminate excess neurons in the FMRP-deficient brain.
